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ABSTRACT
Nitrous oxide (N2O) is not only an important greenhouse gas, but also impacts strato-
spheric ozone. Soils under natural vegetation and agriculture are the major sources of N2O
through nitrification and denitrification processes. Current estimates of N2O emissions on
regional to global scales are largely based on the upscaling of limited measurements from
specific measurement sites. These estimates have large uncertainties because of the hetero-
geneity of soils and the seasonal and interannual variability in the processes that control
the nitrification and denitrification of soils. In this study, I employ a land surface model,
the Integrated Science Assessment Model (ISAM), to model the global N2O emissions from
terrestrial ecosystem soils. The model is calibrated and evaluated with field measurements of
N2O from different sites with different biome types, climate conditions, and soil properties.
The model is able to capture the temporal trends and magnitude of the N2O emissions under
different climate and soil moisture conditions.
Our results show that warm and moist tropical forest and areas with high nitrogen depo-
sition are the major sources of N2O emissions, while there are significantly low emissions from
the high latitude ecosystems as a result of low temperature and high soil nitrogen limitation.
These results are consistent with both measurements and previous modeling studies. Global
experiments are also conducted to study the effect of different environmental factors on soil
N2O emission, such as CO2, climate, land use changes and nitrogen deposition. Land use
change is the major effect on global N2O emission. Nitrogen deposition is the second most
important factor, and contributes to the increase of N2O emission.The impact of CO2 and
climate on N2O emission are very uncertain. The former depends on the competition between
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plants and microbes, and the latter is controlled by the combined effect of precipitation and
temperature.
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Chapter 1
INTRODUCTION
1.1 Background of the Problem
N2O, despite its low concentration in the atmosphere, is the third important greenhouse
gas following CO2 and CH4. It not only is one of climate radiative forcing agents, but also
is a source of NO leading to stratospheric ozone depletion (Crutzen, 1979).
As a greenhouse gas, N2O acts as a positive radiative forcing factor and contributes to
global warming. Once released to the atmosphere, it traps longwave radiation from Earth’s
surface, thus more energy is absorbed in the atmosphere instead of reflecting back to space.
As downward longwave radiation increases, more heat energy is absorbed by Earth’s surface
and global surface temperature increases. Because of the presence of greenhouse gases in
the atmosphere, the Earth maintains a certain range of temperature that suitable for human
beings and other creatures. However, enhanced greenhouse gas effect due to anthropogenic
activities will disturb the original radiative equilibrium in the earth-atmospheric system, in-
crease global temperature dramatically and thus contribute to global climate change. N2O is
a long-lived greenhouse gas with a lifetime of 114 year (Solomon, 2007; Watson and Albrit-
ton, 2001), and is well mixed in the atmosphere because it does not have chemical reaction
in the troposphere. These characteristics make it remain in the atmosphere for a longer time
compare with many other greenhouse gases, which means a longer greenhouse gas effect.
Moreover, N2O has a relatively high global warming potential, that is, its 100-year global
1
Table 1.1: Sources of N2O emission at 2006. Table is adapted from (Watson and Albritton, 2001;
Edenhofer et al., 2014)
Sources Emissions (TgN(N2O)yr
−1)
Application of fertilizer in agriculture 1.7 - 4.8
Fossil fuel burning and industrial processes 0.2 - 1.8
Biomass burning 0.2 - 1
Land emission due to nitrogen deposition 0.4 - 1.3
Soil under nature vegetation 3.3 - 9
Ocean 1.8 - 9.4
Atmospheric chemistry 0.3 - 1.2
warming potential is about 298 times than CO2 the heat trapping ability per molecule of gas
in the atmosphere (Solomon, 2007), and is estimated to attribute 6% of the total radiative
forcing from all the long-lived and globally mixed greenhouse gases (Watson and Albritton,
2001). In addition, N2O, although is inert in the lower atmosphere, plays an important role
in distribution and abundance of stratospheric ozone. Because of its long lifetime, it reaches
to the stratosphere, where it is photo-dissociated and release NOX and destroy stratospheric
ozone (Crutzen, 1979).
During pre-industrial era (before 1750), atmospheric N2O concentration was around 260
bbp to 270 bbp. However, the concentration increased rapidly over the industrial era from
270 ppb in 1750 to 310 ppb in 2000. In the recent decades, the increasing rate is 0.73± 0.03
ppb yr−1, among which, natural N2O emissions account for 5.4 − 19.6 TgN(N2O)yr−1 and
anthropogenic emissions account for 2.7 − 11.1 TgN(N2O)yr−1 (Edenhofer et al., 2014).
Although there are many N2O sources, such as, soil, ocean, atmospheric chemisty, fossil fuel
consumption, biomass burning, economic process, atmospheric deposition, etc, the majority
(60% of total emissions from all the anthropogenic and natural sources) comes from soil:
62% from soil under natural vegetation and 38% from agriculture soil. Compare with total
natural sources, anthropogenic sources contribute to 58%, and agriculture is the largest
anthropogenic source (59% of total anthropogenic emissions ) (Table1.1).
Prior to study the N2O emissions from soils, it is important to understand cycle of N, as
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well as the magnitude of the nitrogenous cycle of N, and the magnitude of the nitrogenous
fluxes of each reservoir of N cycle. The global nitrogen cycle refers to the cycle of N between
different components of the Earth system − Lithosphere, atmosphere, ocean, and terrestrial
ecosystem. As with many other biogeochemical cycles, it is necessary to investigate the
background N apportionment for different reservoirs. The bulk of N (98%) is stored in rocks
and minerals as nitrides of metals and NH+4 , and plays a little role in the cycle of N because
the release is tiny either via out-gassing or through volcanoes. Atmospheric N is only 1.9%
of the total N mass in the Earth system and largely exists as molecular N2 (78%), which
is a crucial source of N nutrition for all forms of living things. The quantity of N in the
biosphere is very small, about 0.01%, and 31 times in the ocean than on the land, and
the dominant form is the N2 gas dissolved in sea (Haynes, 1986). The bulk of N in the
terrestrial ecosystem is stored in soil organic matter, the limited amount is in the mineral
form that becomes biological available nitrogen (Glendining et al., 2011). Figure 1.1 shows
the global nitrogen cycle between atmosphere, land and ocean. In the beginning, N2 gas is
converting to biological available states (namely ammonium and nitrate) by N fixation and
atmospheric deposition in the soil and seawater, and then when plants are growing, they use
these mineral N as nutrition and convert them from inorganic form to organic form. When
plants die or leaves fall, organic N returns back to the soil: part of them goes into mineral
pools by decomposition and mineralization, most of them become soil organic nitrogen. The
former could then be absorbed by plants, emitted to the atmosphere by denitrification, or
lost to water body by leaching and through riverflow. For N cycle, internal cycle in the land
and in the ocean is much more important than N transport between land and atmosphere
or between ocean and atmosphere.
The nitrogen cycle within terrestrial ecosystem is between land, water and atmosphere.
There are two natural sources of N in the terrestrial ecosystem, nitrogen fixation and at-
mospheric deposition. The former are through lighting or by microorganisms that have
symbiotic association with plant roots, such as leguminous crops and algae. Since industrial
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Figure 1.1: The global nitrogen cycle. Each flux is shown in units of 1012gNyr−1 (Schlesinger and
Bernhardt, 2013)
revolution, anthropogenic sources play to increase the rate of N fixation (Galloway et al.,
1995). There are a number of pathways, including industrial fixation of N2 to produce N fer-
tilizer, cultivation of crops (legumes, rice, etc.), N emission and deposition during fossil-fuel
combustion and fires. The losses of N from terrestrial ecosystem are from leaching of NO−3 ,
volatilization of NH+4 , gasses loss of N2O and NOx through denitrification and nitrification,
and deforestation and land use changes by human activities. The internal cycle operates
within plant-soil system is a critical process in that it consists of a pool of biological avail-
able nitrogen (ammonium and nitrate), which is the only form of N nutrition can be directly
used by plants and other organisms (Figure 1.2). It is a key element controlling dynamic
and productivity of terrestrial ecosystem (Vitousek et al., 1997). Increased biological avail-
able nitrogen could increase rate of plant production and biomass accumulation, reduce the
overall biological diversity of ecosystem, acidify soil and groundwater, increase the emission
of trace nitrogen gases, such as N2O, NO, NH3.
Emission of N2O from soil is mostly caused by nitrificaint and denitrification of the active
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Figure 1.2: The nitrogen cycle within plant-soil system (Haynes, 1986)
nitrogen in the soil and ocean (Edenhofer et al., 2014).
Nitrification is an oxidation process under aerobic condition. Nitrification can be divided
into two parts, one is ammonia oxidation: oxidation of NH+4 to NO
−
2 , the other is nitrite
oxidation: oxidation of NO−2 to NO
−
3 . These reactions are carried out by both autotrophic
and heterotrophic microorganisms, which are referred as autotrophic nitrification and het-
erotrophic nitrification, respectively (Wrage et al., 2001). Autotrophic nitrification gets
energy from NH+4 oxidation for carbon dioxide assimilation, while heterotrophic nitrification
use organic carbon (e.g. urea) as a source for energy and fixing carbon from carbon diox-
ide. The environmental conditions that favor bacteria activities will also benefit the overall
nitrification rate. Carbon dioxide, oxygen and soil NH+4 are required for the reproduction of
autotrophic bacteria. Soil water is also important in that it affects the transportation of O2
and NH+4 within the soil. Similarly, soil temperature has modifying influence to the oxida-
tion process. However, low soil pH and NH+4 concentration will limit the bacteria activity
(Williams et al., 1992). The amount of N2O emission through nitrification is affected by
overall nitrification rate and soil conditions that control the ammonia oxidation. N2O from
heterotrophic nitrification can exceed the emission from autotrophic nitrification, particu-
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larly chemodenitrification process, under certain environmental conditions such as slightly
low soil pH, plenty of organic substrates and high oxygen amount (Papen et al., 1989).
Denitrification is a reductive process under anaerobic condition and a form of respiration
in the perspective of biochemistry (Hermann et al., 2006). In the first step, NO−3 is reduced
to NO−2 , and then NO
−
2 is reduced subsequently to different gases: NO, N2O, and finally N2.
Each step is catalyzed by several different types of reductases or enzymes. Unlike nitrifica-
tion, denitrification uses NO−3 in place of oxygen (O2) as an electron acceptor, which means
exposes to high O2 will inhibit the reaction. Denitrification is important in nitrogen cycle
in biosphere because it represents the loss of biological available nitrogen. Higher denitri-
fication rate means more mineral NO−3 is lost as N2 to the atmosphere, less NH
+
4 is left in
the soil for the growth of plants. Nitrification could be carried out by limited groups of mi-
croorganisms, but denitrification capacity is available for several different groups of bacteria.
And different denitrifers can produce energy from different sources such as light, inorganic
substrates and organic substrate (Williams et al., 1992). Thus restriction of denitrification
is commonly not due to lack of enzymes but substrates limitation or the environment condi-
tion that hinder denitrification rate. Studies show that denitrifying enzymes can persist for
a long time in very dry soil, and immediately activate when the soil is wet by precipitation.
The overall dentirification rate depends on factors such as nitrogen concentration, oxygen
availability, organic carbon availability, soil gas diffusion rate, soil water, temperature, pH,
and enzyme activities (Williams et al., 1992). Total relative production of NO, N2O and N2
depends on overall denitrification rates, the relative activity of three reductases (NO, N2O,
N2-reductases), and also the enzyme kinetics (Bakken and Do¨rsch, 2007; Firestone et al.,
1989).
There are also other processes that could produce N2O: nitrifier denitrification and
chemodenitrification. Nitrifer denitrification is the pathway of NH+4 oxidation followed by
NO−2 reduction to N2O and N2 (Wrage et al., 2001). It occurs in the aerobic condition with
only one group of autotrophic microorganism. The main differences between nitrifier den-
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itrification and denitrification are that only nitrifers carry out nitrifier denitrification and
NO−3 is neither a product nor a intermediate during nitrifer denitrification. The mechanism
of N2O emission from nitrifier denitrification is not clear due to experimental difficulties
and limited studies. Chemodenitrification, mainly produces NO instead of N20, is a non-
biological process. It refers to the decomposition of intermediates between NH+4 and NO2
under acid condition, where soil organic matter and soil mineral phase could activate the
decomposition effect (Van Cleemput and Baert, 1984). Chemodenitrification is closely linked
with NH+4 oxidation and could develop from incomplete oxidation of NH2OH in nitrification
(Wrage et al., 2001).
Various process-oriented trace gas models, such as CENTURY-NGAS (Parton et al.,
1996), CASA (Potter et al., 1996), ExpertN (Engel and Priesack, 1993), DNDC (Li et al.,
2000; Li, 2000), are developed to study N2O emission. The principle for modeling deni-
trification in these models is to determine oxygen concentration or distribution in the soil
matrix in that anaerobic condition is assumed to be the key controller for denitrification.
Some models use soil water and microbial respiration to represent oxygen concentration,
some use water filled pore space (Parton et al., 1996), which is more delicate because it
considers soil physical structures such as bulk density, porosity, soil texture, and some model
calculates oxygen concentration based on the oxygen consumption and production in each
layer, and they quantify all the oxidation species and calculate the growth and death of
different bacteria community (Li et al., 2000). Almost all the model use power function to
calculate denitrfication, and the variables used are similar, such as water, nitrogen substrate,
soil respiration, pH. The main differences between them are the response functions of each
variable used in the model. For the algorithm of nitrification rate, either power function
or exponential function are present. The controllers used are basically water, temperature,
ammonia substrate, and pH. Algorithms used to simulate relative amount of different gasses
produced are highly simplified as the mechanism under it are much complicated and not
well-known, especially for nitrification. A site measured fraction is used in the recent version
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of coupled CENTURY-NGAS model to define N2O from nitrification, and a combined effect
of soil moisture and respiration rates is used to define the ratio of N2/N2O from denitrifi-
cation. Previous studies (He´nault et al., 2005; Li, 2000) mostly focus on agriculture N2O
simulation due to climate change and unexpected huge N2O emission from anthropogenic
acivities and demonstrated that these biogeochemical process-oriented model can fairly cap-
ture total annual N2O emission in agriculture sites. More recently, few studies (Papen and
Butterbach-Bahl, 1999; Rothe et al., 2002; Stange et al., 2000) have estimated N2O emission
from soil under nature vegetation in order to understand global nitrogen distribution and
nitrogen budget.
1.2 Objective and Questions
There are many studies about modeling global N2O emission, but the results show a large
uncertainty because differences in model structure and parameterization schemes, as well as
as input climate data used to derive the models. It not only depends on the model used, but
also depends on which climate data set is used as model input. This study implements and
extends N2O emission algorithm discussed above into ISAM model. The model fully couples
carbon cycle and nitrogen cycle, simulating gross plant production and litter production for
different forest types according to their specific phenology, calculating nitrogen mineraliza-
tion and plant uptakes based on environmental factors and plant’s demand, determining
soil temperature and water availability in different soil layers based on precipitation, plant
water use efficiency, latent heat and sensible heat between atmosphere, ground and plant
canopy. Also, the model has been evaluated and used for many inter-comparison studies.
Thus ISAM is able to simulate more realistic nitrogen availability in the soil mineral pools,
thus provide more realistic substrate available to nitrification and denitrification. Thus it is
ready to study N2O emission.
However, current model strategy of N2O simulation is suitable for crops but does not
consider the effects of different forest types. So this study aimed at improving the estimates
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of N2O emissions from various forest biomes, particularly by improved parameterization
of nitrification and denitrification processes in ISAM. In addition, current model do not
consider the effect of soil texture in regards of nitrification and denitrification. This study
introduces water filled pore space to estimate the nitrification and denitrification processes
and simulate more realistic anaerobic and aerobic soil environmental conditions, which are
key factors for nitrification and denitrification to occur. By implementing above effects, the
model can better simulate nitrification and denitrification and the corresponding production
of N2O.
The overall objective of this study is to estimate the global N2O emission from ecosystem
soils using a data-modeling framework. And addressing following questions: What are the
global N2O emissions from ecosystem soils for the historical time period 1800-2000. What
are the effects of the different environmental factors (such as CO2, climate, land use changes,
nitrogen deposition) on N2O emissions?
In the following chapters, this study (1) describes the structure and the formulations of
nitrification and denitrification modified in ISAM that uses water filled pore space (WFPS,
which represents how much percentage of water is available in the soil pore) to determine
the aerobic and anaerobic soil conditions, (2) calibrates and evaluates the extended ISAM
nitrification and denitrification via comparing estimates of N2O emissions from soils under
a range of different unmanaged terrestrial ecosystems with observations, (3) estimates and
compares the global distribution of N2O emissions with other models, and modeled the effect
of different environmental factors on N2O.
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Chapter 2
METHODOLOGY
2.1 Model Description
2.1.1 General Description
Integrated Science Assessment Model (ISAM) is a coupled biogeochemical and biogeo-
physical model with spacial resolution of 0.5o× 0.5o and temporal resolution from 30min to
1yr. Each grid cell is occupied by one of 105 soil types from the FAO-UNESCO Soil Map
of the World (Zobler, 1999), and a combination of vegetation fraction, bare soil and glacier
(Meiyappan and Jain, 2012). Within each grid cell, C and N amount are cycled between
vegetation pools, aboveground litter pools, aboveground soil organic matter (SOM) pools,
belowground litter pools, belowground SOM pools, and soil mineral pools (NH+4 and NO
−
3 ).
ISAM calculates photosynthesis rate and allocates assimilated carbon to leaf, wood and root
after autotrophic respiration, the corresponding nitrogen contents are calculated depending
on C:N ratio of different vegetation types (Yang et al., 2009). The detailed C dynamics of
vegetation pools are described in Jain and Yang (Jain and Yang, 2005). When litter falls,
leaf litter and wood litter are transported into aboveground litter pools, while root litter is
transported into belowground litter pools. Within litter pools, carbon decomposes to soil
organic matter. The decomposition process in the aboveground litter and SOM pools are
derived from (Parton et al., 1987), whereas belowground decomposition is estimated based
on the RothC model. The N contents in the litter and SOM pools are products of car-
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bon contents and C:N ratio in different pools. Figure 2.1 shows the ISAM components of
biogeochemistry.
2.1.2 Nitrogen Submodel
ISAM is a coupled carbon-nitrogen model. N fluxes are trans-located between different
reservoirs following carbon fluxes. The availability of mineral N in the soil will in turn affect
carbon assimilation rate and finally affect carbon fluxes. When litter falls on the ground and
into the soil, both carbon and nitrogen are transferred to soil pools. Nitrogen mineralization
and microbial immobilization take place in the same time during decomposition, and deter-
mined by C:N ratio of different litter and SOM pools. If N transferred from the other pools
is larger than the amount needed to be decomposed by microorganisms based on specific
C:N ratio and environmental conditions, microorganisms will immobilize inorganic N from
soil mineral pools. Otherwise, N is added to mineral pools.
ISAM involves three inputs for mineral nitrogen pools: nitrogen deposition, biological
fixation, mineralization, and four outputs: immobilization, denitrification, N leaching, and
volatilization if there is fertilizers, and nitrogen uptake. Thus, the vegetation and soil N are
linked through litter fall, immobilization, mineralization, and uptake. N uptake is calculatd
by Michaelis-Menten kinetics defined as a function of temperature, soil moisture, root mass,
mineral nitrogen concentration. ISAM contains both ammonium and nitrate pools, and
calculate each pool separately. For example, biologic fixation and mineralization are added
to ammonium pool, and ammonium is nitrified to nitrate. Denitrification and leaching only
occur in nitrate pool. N uptakes of different pools are based on their relative proportion. N
deposition is separated to NH+4 deposition and NO
−
3 deposition, respectively.
2.1.3 Trace Gas Emission Submodel
In current model, the amount of N that nitrified from ammonium N to nitrate N is
estimated by using equation from (Bradbury et al., 1993):
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Figure 2.1: Schematic diagram of all reservoirs and flows in the ISAM coupled carbon-nitroge cycle
model (Yang et al., 2009)
N = NH+4 ∗ (1− e−smq) (2.1)
where q is a rate constant, which is set to 0.6. s and m are soil water rate modifier and
temperature rate modifier. NH+4 is the quantity of ammonium present in the soil layer at
the beginning of the week.
For the temperature modifier,
m =
47.9
1 + exp(106/Tair + 18.3)
(2.2)
where Tair is air temperature.
For the soil water modifier,
s =
1.0
1.0 + 4.0 ∗ exp(−6.0 ∗RWC) (2.3)
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where RWC = (deficit+ field capacity−wilting point)/(field capacity−wilting point),
and the soil water modifier represents the effects of soil moisture deficit on decomposition
rates of soil pools (Yang et al., 2009).
Equation 2.1 assumes that there are always sufficient nitrifiers for nitrification to proceed
(Bradbury et al., 1993). This may not be true when the nitrifier activity is limited by
aeration status. Besides, rate constant q is determined by fitting nitrification equation to
data measured in agriculture ecosystem (Bradbury et al., 1993). Thus may be not suitable
for other types of terrestrial ecosystems. Thus this study will calibrate constant q for other
biomes as described in Chapter 2.2.
N amount due to denitrification in current ISAM is calculated as:
D = NO−3 ∗ (CO2) ∗ theta ∗ p (2.4)
where CO2 is soil respiration, theta = 0.5 is a rate constant, and p = (field capacity −
soil deficit)
/field capacity (Bradbury et al., 1993). In this function, model uses CO2 as a measure of
O2 consumption, and assumes the maximum rate of denitrification happens at the maximum
water field capacity. However, it lacks consideration of the small denitrification rate under
low soil moisture condition. Because a number of studies show that denitrification occurs in
high anaerobic conditions, while under aerobic condition denitrification is very small (Linn
and Doran, 1984).
Therefore, in this study, we introduce a relative microbial activity affect for nitrification
and denitrification processes. This relative microbial activity is determined based on the
percentage of WFPS, which can evaluate microbial activity by considering simultaneous
effect of soil water content and aeration status (Linn and Doran, 1984). The relative microbial
activities with respect to percentage of WFPS is shown in Figure 2.2.
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Figure 2.2: The relation between water filled pore space and the relative amount of microbial
nitrification and denitrification. Plot modified from (Linn and Doran, 1984).
Thus, microbial nitrification rate becomes:
N = NH+4 ∗ (1− e−smq) ∗Rn (2.5)
where Rn represents the relative microbial activity for nitrification according to figure 2.2
(Linn and Doran, 1984).
Rn(WFPS) =

0.1, WFPS ≤ 0.1
WFPS, 0.1 < WFPS ≤ 0.3
3 ∗WFPS − 0.6, 0.3 < WFPS ≤ 0.4
2 ∗WFPS − 0.2, 0.4 < WFPS ≤ 0.6
−6 ∗WFPS + 4.6, 0.6 < WFPS ≤ 0.7
−3 ∗WFPS + 2.5, 0.7 < WFPS ≤ 0.8
(2.6)
Microbial denitrification function becomes:
D = NO−3 ∗ (CO2) ∗ theta ∗Rd (2.7)
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where Rd represents the relative microbial activity for denitrification.
Rd(WPFS) =

0.125 ∗WFPS, 0 < WFPS < 0.8
4.5 ∗WFPS − 3.5, 0.8 ≤ WFPS < 1
(2.8)
Above all, in this extended version of ISAM, N2O production from nitrifiation and deni-
trification is :
N2ON = N ∗ p ∗ F ∗ fracn2o (2.9)
N2OD = D ∗ fracn2o (2.10)
Where N2ON is N2O released from nitrification, N2OD is N2O released from denitrification.
p is fraction constant. F is temperature factor (Li et al., 2000) and fracn2o is N gasses
distribution factor of N2O (JGR).
F = ((60− T )/25.78)3.503 ∗ e(3.503∗(T−34.22)/25.78) (2.11)
fracn2o =

0., 0 < WFPS < 0.1
0.5 ∗WFPS − 0.05, 0.1 < WFPS ≤ 0.3
WFPS − 0.2, 0.3 < WFPS ≤ 0.6
4. ∗WFPS − 2., 0.6 < WFPS ≤ 0.7
2. ∗WFPS − 0.6, 0.7 < WFPS ≤ 0.8
−2. ∗WFPS + 2.6, 0.8 < WFPS ≤ 0.9
−8.0 ∗WFPS + 8.0, 0.9 < WFPS ≤ 1
(2.12)
With anaerobic condition developing in the soil, N2O production increase and gets its
maximum around 0.8 wfps, and decreases rapidy when further wetness happens in the soil
in that N2O is reduced to N2 under very high anaerobic condition (Figure 2.3).
In addition, WFPS value is calculated as a ratio of volumetric water content and soil
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Figure 2.3: Effect of water filled pore space on nitrogenous gases partitioning, adapted from (JGR)
porosity in the biogeophsical module at hourly time steps. The equations related to the
calculation is:
vol ice = min(porsl, sum wice/(sum z ∗ denice)) (2.13)
eff porsl = porsl − vol ice (2.14)
vol liq = min(eff porosity, sum wliq/(sum z ∗ denh2o)) (2.15)
wfps = max((vol liq + vol ice)/porsl, 0.01 r8) (2.16)
where vol ice and vol liq are the volumetric solid water and liquid water. porsl and
eff porsl are the soil porosity and effective soil porosity that excludes solid water. sum wice
and sum wliq are the sum of gravimetric solid water and liquid water in the soil pores, denice
and denh2o are the densities of ice and water, and is 917 kg/m3 and 1000 kg/m3, respectively.
sum z is the depth of soil. For global experiments, we calculate WFPS for the first 25 cm
soil layer because 80% of the organic matter entering the soil is decomposed within this layer
(Bradbury et al., 1993).
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2.2 Calibration and Evaluation
2.2.1 Input Data
For model calibration and evaluation, nine different sites with seven different biomes are
introduced into ISAM (Table 2.1). They are La Selva biological station, Hoglwald Forests
site, SSA-OA site, CA-Oas site, CA-Obs site, CA-ojp site, CPER PN, Bellenden Ker, Arrou
and La Saussaye sites. These sites cover seven different biomes, tropical evergreen, temper-
ate evergreen and deciduous, boreal evergreen and deciduous, pastureland, and crop. The
choice of these sites was due to the availability of N2O emission observations and other com-
prehensive observation data to calibrate model parameters and processes. Theses sites cover
major types of terrestrial ecosystems and are located in different climate zones.
The La Selva biological station is in the Sarapiquf Canton, Heredia Province, Costa
rica (84.9oW,10.3oN), and it is characteristic of tropical wet forests. The 29-year average
annual precipitation is 3962 mm, and dry season occurs from January through April. Mean
monthly temperature is 25.8 oC, and there is no significant seasonal variation, that is, the
greated temperature seasonal variation is only 2.4 oC. The soils are mainly classified as axic
Humitropepts, very fine, and with high carbon content in the top 10 cm soil (Reiners et al.,
1994). All the sites were positioned on the ridge tops so that they are not influenced by
land use changes in nearby sites. The site observation data chosen for this study is from
four replicates of the soils under old growth forest in order not involve any land use disturb.
N2O fluxes are measured from October 1990 through September 1991. Soil moisture content
reported as WFPS was calculated by using bulk density measurements available from all
replicates of soils.
Hoglwald Forests site is located 50 km west-northwest from Munich, Germany at 11.2oE,
48.3oN, and its elevation is 540 m above sea level. The mean annual precipitation is 800
mm, and mean annual air temperature is 7.3 mm. The stands at this site are 89-year-
old Norway spruce and 96-year-old beech plantation. The N2O observations used for this
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study are during 1995 and 1996. The site is N saturated due to long-time heavy nitrogen
deposition input, that is, throughfall for spruce and beech is about 30 kgNha−1yr−1 and 20
kgNha−1yr−1, respectively, and the ratio of NH+4 NO
−
3 is around 2 (Kreutzer, 1995). Weekly
averaged N2O observations at 1995 for both stands are used for model calibration, while
weekly averaged observation data at 1996 are used for model evaluation. These two stands
are sharing similar soil type and climate conditions. The soil clay contents for spruce and
beech are 5% and 10% at 5 cm soil, 11% and 16% at 10 cm soil. The soil is a acid hapludalf.
The WFPS for both stands are calculated by using soil moisture and bulk density at 10 cm
soil (Stange et al., 2000).
SSA-OA site and CA-Oas site are located in Saskatchewan, Canada (106.2oW, 53.63oN).
The main stand is Old Aspen. The SSA-OA site is the BOREAL Ecosystem-Atmospheric
Study (BOREAS) Southern Study Area (SSA) Old Aspen (OA) Site. The N2O fluxes mea-
sured in SSA-OA site is through the growing season of 1994, weekly averaged value and
standard error are available for this study. The total precipitation for SSA-OA during grow-
ing season is 393.8 mm, mean daily temperature throughout growing season is 5.6 oC. The
soil texture is sandy loam. The N2O measurement for CA-Oas site is taken weekly through-
out the summer of 2006 (May−August). The total precipitation in 2006 is 625 mm, and
mean air temperature in this year is 1.76 oC. The gas exchanged is measured using in situ
static chambers, which means the chamber is inserted in the field.
Two Boreal evergreen forests studied here are black spruce (CA-Obs, Saskatchewan,
Canada 106.2oW, 53.63oN) and jack pine (Canada 104.7oW, 53.9oN). The CA-Obs site has
0.82 oC air temperature and 598 mm precipitation, and the CA-Ojp site has 1.67 oC air and
618 mm annual precipitation temperature in 2006. Soil texture information are included
in (Table 2.1). N2O is measured using twenty chambers in each site. The chamber were
spaced about 10 m apart and cover the topographic variability at each site, such as elevation
change. N2O fluxes are measured weekly throughout the summer in 2006 (May-August).
Soil moisture used for this study are represented by daily volumetric water content (VWC)
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at 22 cm soil. The meteorology data and soil moisture data are available at Fluxnet-Canada
2006.
CPER PN stands for Agricultural Research Service Central Plains Experiment Range.
It is located at 60 km northeast of Fort Collins, Colorado (104.5oW, 40.5oN); Annual pre-
cipitation is 350 mmyr−1 and mainly occurs during May to September. The study site in
this region is set within native pasture. N2O observation used is available weekly from 1991
to 1993. WFPS observation is available at weekly during 1993 from (Mosier et al., 1997).
The soil type is sandy loam. Clay content is 13%, sand content is 74%. Bulk density is 1.41
gcm−3.
Bellenden Ker is a typical tropical rain forest site located in the Coastal lowlands of
the ”Wet Tropics” Queensland, Australia (145.5oE,17.2oN), and is close to the village of
Bellenden Ker. Mean precipitation is 4360 mm with 70% occurring from November to April,
and the mean annual temperature is 24.3oC. The soil is sandy clay loam that characterized as
around 20% clay and 70% sand content. The organic carbon content is around 3%. Weekly
N2O observation used in this study is available throughout 2002 (Werner et al., 2007). VWC
data derived from gravimetric soil moisture (Kiese et al., 2003) is used to represent soil
moisture condition during 2002. Weekly N2O observation and VWC are available from
October 1998 to May 1999 for both sites.
Arrou, France (1.01oE, 48.01oN) and La Saussaye, France (1.57oE, 48.04oN) are seeded
with Winter wheat on October 1998. Arrou received 50 kg NH4NO3-Nha
−1 on February 26,
and 83 and 40 kgNha−1 N solution (the ratio of nitric-N, ammonium-N and urea is 1:1:2).
La Saussaye received 120 kgHha−1 N solution on March 6 and 44, and 35 kgNha−1 NH4NO3
on April 28 and Jun 1 (He´nault et al., 2005). The soil clay and sand contents are 14%, 6%
and 24%, 5.7%. The organic carbon contents are 1.08% and 1.18%.
Soil characteristics for each site are listed in (Tabel 2.3). The information of N trace gas
data and WFPS data are shown in (Table 2.2). Due to the lack of site-specific meteorological
data, such as precipitation and temperature, ISAM uses CRU NCEP climate dataset (cru)
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for non-US sites and North American Land Data Assimilation System (NLDAS-2) climate
database (Mitchell et al., 2004) for US sites as climate forcing datasets (Table 2.2). Meterog-
ical data for Canada sites is from Fluxnet database. The observations from Hoglwald Forest
at 1995, Bellenden Ker at 2002, CA-Oas at 2006, CA-Obs at 2006, CPER PN at 1993, Arrou
and La Saussaye at year 1998-1999 are used for model calibration, the others are used for
model evaluation.
2.2.2 Approach for Calibration and Evaluation
Hourly meteorology data for air temperature, surface pressure, incoming shortwave ra-
diation, longwave radiation, wind speed, precipitation, specific humidity (Table 2.2) and
site-specific soil data (Table 2.3) are taken to drive the model simulation for both calibra-
tion and evaluation sites at hourly time steps. We spin up the model to reach an initial
steady state for soil water, soil temperature, soil carbon and nitrogen in biogeophysical and
biogeochemial modules with prescribed current land cover distribution, CO2 concentration
representing the value for the corresponding simulation years, prescribed LAI representing
the growth of plant in the simulating years. In the same time, we assume that each site is
fully covered with the same biome type. The spin up time is different because of different
biome types at each site.
The model parameters we need to calibrate are nitrification rate constant q in equation
2.5, denitrification rate constant theta in equation 2.7, and gas fraction constant in equation
2.9. To calibrate above parameters, we first calibrate the soil hydrology component in ISAM
by comparing the modeled and measured WFPS, such as CPER PN at year 1993, Hoglwald
forest at year 1995, Arrou and Saussaye sites. For sites that lack of WFPS observations, we
compare volumetric water content (VWC) instead, such as La Selva, CA-Oas and CA-Obs.
Then the above constants are calibrated by comparing modeled and observed N2O emission
at each calibration site. The calibrated parameters and processes are listed in (Table 2.4).
The model simulates N2O emission in weekly time step, and we convert model results from
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Table 2.1: Sites chosen in this study for calibrations and validation of ISAM model and mean
annual precipitation (MAP) and mean annual temperature (MAT) at those Sites
Biome Site Location years MAP
(mm)
MAT
(oC)
Tropical evergreen Bellenden Ker Australia
(145.5oE,
17.2oN)
2002 4360 24.3
Topical evergreen La Selva Costa rica
(84.9oW,
10.3oN)
1990-1991 3962 25.8
Temperate evergreen Hoglwald Forest Germany
(11.2oE,
48.3oN)
1995-1996 800 7.3
Temperate deciduous Hoglwald Forest Germany
(11.2oE,
48.3oN)
1995-1996 800 7.3
Pasture CPER PN Colorado
(104.5oW,
40.5oN)
1991-1993
Boreal evergreen CA−Obs Canada
(105.1oW,
53.99oN)
2006 467 0.4
Boreal evergreen CA−Ojp Canada
(104.7oW,
53.9oN)
2006 467 0.4
Boreal deciduous CA−Oas Canada
(106.2oW,
53.63oN)
2006 467 0.4
Boreal deciduous SSA−OA Canada
(106.2oW,
53.63oN)
1994 393.8
(growing
season)
5.6
(growing
season)
Wheat Arrou France
(1.01oE,
48.01oN)
1998-1999
Wheat La Saussaye France
(1.57oE,
48.04oN)
1998-1999
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Table 2.2: Sites chosen in this study for calibrations and validation of ISAM model and observational
dataset used at those sites
Biome Site Location years N2O data climate
data
WFPS data VWC
data
Tropical
evergreen
Bellenden
Ker
Australia
(145.5oE,
17.2oN)
2002 (Werner
et al., 2007)
(Kiese
et al.,
2003)
Topical
evergreen
La Selva Costa
rica
(84.9oW,
10.3oN)
1990-
1991
(Keller and
Reiners,
1994; Liu
et al., 2000)
(Keller and
Reiners,
1994; Liu
et al., 2000)
Temperate
evergreen
Hoglwald
Forest
(spruce)
Germany
(11.2oE,
48.3oN)
1995-
1996
(Papen and
Butterbach-
Bahl, 1999;
Stange
et al., 2000)
(Papen and
Butterbach-
Bahl, 1999;
Stange
et al., 2000)
(Stange
et al., 2000)
Temperate
decidu-
ous
Hoglwald
Forest
(beech)
Germany
(11.2oE,
48.3oN)
1995-
1996
(Papen and
Butterbach-
Bahl, 1999;
Stange
et al., 2000)
(Papen and
Butterbach-
Bahl, 1999;
Stange
et al., 2000)
(Stange
et al., 2000)
Pasture CPER PN Colorado
(104.5oW,
40.5oN)
1991-
1993
(Mosier
et al., 1996)
CRU NCEP
data
(Mosier
et al., 1997)
Boreal
evergreen
CA−Obs Canada
(105.1oW,
53.99oN)
2006 (Matson,
2008)
Fluxnet
database
Fluxnet
database
Boreal
evergreen
CA−Ojp Canada
(104.7oW,
53.9oN)
2006 (Matson,
2008)
Fluxnet
database
Fluxnet
database
Boreal
decidu-
ous
CA−Oas Canada
(106.2oW,
53.63oN)
2006 (Matson,
2008)
Fluxnet
database
Fluxnet
database
Boreal
decidu-
ous
SSA−OA Canada
(106.2oW,
53.63oN)
1994 (ssa) CRU NCEP
database
(ssa)
Wheat Arrou France
(1.01oE,
48.01oN)
1998-
1999
(He´nault
et al., 2005)
CRU NCEP
database
(He´nault
et al., 2005)
Wheat La Saus-
saye
France
(1.57oE,
48.04oN)
1998-
1999
(He´nault
et al., 2005)
CRU NCEP
database
(He´nault
et al., 2005)
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Table 2.3: Main soil characteristics of the sites used for calibrations and validation of ISAM Model
Site soil
tex-
ture
clay % sand % bulk density
g/cm3
organic carbon
%
references
Bellenden
Ker
sandy
clay
loam
20 70 1.09±0.03(5cm) 3.11 (Kiese et al.,
2003)
La Selva 73 12 0.65 3 (Keller and
Reiners,
1994; Liu
et al., 2000)
Hoglwald
Forest
(spruce)
loam 5(5cm),
11(10cm)
50− 64 1.09(5cm),
1.03(10cm)
2(5cm),
0.5(10cm)
(Papen and
Butterbach-
Bahl, 1999;
Stange
et al., 2000)
Hoglwald
Forest
(beech)
loam 10(5cm),
16(10cm)
78(10cm) 0.95(5cm),
1.01(10cm)
3(5cm),
1.5(10cm)
(Butterbach-
Bahl et al.,
2002;
Stange
et al., 2000;
Papen and
Butterbach-
Bahl, 1999)
CPER PN sandy
loam
13 74 1.41 (Mosier
et al., 1996)
CA−Obs 3.1± 1.3 71.1± 8.4 0.96± 0.24 0.74± 0.45 (Matson,
2008)
CA−Ojp 1.1± 0.7 91.7± 3.7 1.25± 0.06 0.6± 0.35 (Matson,
2008)
CA−Oas sandy
loam
6.7± 2.1 48.6± 12.5 1.17± 0.23 0.82± 0.3 (Matson,
2008)
SSA−OA sandy
loam
7.8− 11.8 30.6− 61 1.14− 1.48 0.38− 0.86 (ssa)
Arrou Gleyic
Luvi-
sol
14(0− 20cm) 6(0− 20cm) 1.29(0− 20cm) 1.08(0− 20cm) (He´nault
et al., 2005,
2001)
La Saus-
saye
Hapic
Luvi-
sol
24(0− 20cm) 5.7(0−20cm) 1.32(0− 20cm) 1.18(0− 20cm) (He´nault
et al., 2005,
2001)
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Table 2.4: Calibrated parameters values for different biome types. The seven calibrated parameters
values that seprated by the comma are for tropical evergreen, temperate evergreen, temperate
deciduous, pastureland, boreal evergreen, boreal deciduous and wheat
Calibrated processes Equation Calibrated
parameters
Calibrated parameters values
Nitrification rate Eqs.2.5 q 10, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6
Denitrification rate Eqs.2.7 theta 2, 2.5, 37, 4, 1.5, 0.5, 12
N2O from nitrification Eqs.2.9 p 0.09, 0.07, 0.71, 0.15, 0.06, 0.05, 0.006
weekly to monthly for sites without weekly observations.
The model evaluation is performed on all the evaluation sites discussed above. The
parameters calibrated in the calibration sites are used for simulating N2O in all the evaluation
sites. First, we compare the modeled and measured N2O emissions for each evaluation site to
analyze how well model can capture the overall temporal trend in each site, and we use the
linear regression analysis to statistically evaluate the overall model performance during the
simulation periods for each evaluation site (Figure 3.3). With the combination of the slope
and coefficient of determination (r2), we can analyze the overall linear co-variation between
model results and observations (Table 3.1). Second, we analyze the model performance in
different seasons for each site to evaluate how well model can capture the observation in
each season (Figure 3.4). Last, the modeled and observed N2O values are averaged over
the measured time period to calculate the modeled and observed mean N2O emission for
each site, thus the degree to which model can capture the observation across all the sites
are evaluated by comparing the two sets of data. The closer to the 1:1 ratio line means the
better the model performance is (Figure 3.5).
2.3 Global Experiments
The climate and soil data used to perform global experiments in this study is from
CRU NCEP and the FAO-UNESCO Soil Map of the World (Zobler, 1999), respectively. In
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order to get a equilibrium state with climate conditions in the beginning of the simulation
year 1801, the climate data for the period of 1801−2012, the 1801 land cover distribution
and atmospheric CO2 concentration of 280.84 ppmv are used to run a initial steady state
simulation. We first run the model of biogeophysical component for 100 years to calculate
the equilibrium NPP and vegetation carbon. Then we initialize the model of biogeochemical
component for around 20000 years with the equilibrium litter inputs, which is implemented
by repeating 100 times of climate data for the period of 1801−2012, to get the equilibrium
soil carbon and nitrogen reservoirs. Finally we run the coupled biogeophysical component
and biogeochemical component for 210 years to obtain the final equilibrium state for all the
soil and vegetation reservoirs.
After running the model to equilibrium state in 1801, we use the equilibrium state results
to estimate the effect of different environmental condition (CO2, climate change, land use
changes and nitrogen deposition) on N2O emission under unmanaged terrestrial ecosystem
during the historical time period. Therefore five different global experiments are carried out
through 2012: In experiment 1 (E1), CO2, climate, land use changes and nitrogen deposition
values are all varied in the historical period when simulating the model; In experiment 2 (E2),
use varied climate, land use changes and nitrogen deposition but CO2; In experiment 3 (E3),
use varied CO2, land use changes and nitrogen deposition but climate; In experiment 4
(E4), use varied CO2, climate, land use changes but nitrogen deposition; In experiment 5
(E5), use varied CO2, climate change, nitrogen deposition but land use change. E1 is the
total historical N2O emission under unmanaged terrestrial ecosystem soils. The effect of
CO2 on N2O emission is determined by subtracting E2 from E1, the N2O emission due to
climate change is determined by subtracting E3 from E1, the N2O emission due to nitrogen
deposition is determined by subtracting E4 from E1, and the effect of land use change on
N2O emission is determined by subtracting E5 from E1.
Both temporal and spatial effects of environmental factors are studied using above ex-
periments. The temporal effect of different environmental components on global total N2O
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emissions are analyzed by comparing the global total emission time series during the histori-
cal period, and the spatial effects are studied by comparing the modeled global distribution of
N2O emissions due to different environmental components at 2000. In addition, we compared
our modeled total N2O emission with other model results.
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Chapter 3
RESULTS AND DISCUSSION
3.1 Model Calibration and Evaluation
3.1.1 Model Results at Calibration Sites
Figure 3.1 and 3.2 show the model-calibrated results for N2O emission, water filled pore
space (WFPS) and volumetric water content(VWC), respectively. These calibrated sites
involve Bellenden Ker (tropical evergreen in 1995), Hoglwald (temperate evergreen and de-
ciduous in 1995), CPER PN (pastureland in 1993), CA-Obs (high latitude boreal evergreen
in 2006), CA-Oas (boreal deciduous in 2006), Arrou and La Saussaye (winter wheat in 1998-
1999). These figures suggest that the calibrated model is able to simulate overall yearly
trend of N2O emissions. For some sites the coefficients of determination r
2 are very small
indicating weak linear association between model results and measurements. For instance,
less then 1% of measurements can be explained by model simulation in the linear regression
equation in pasture and temperate deciduous sites. In the pasture site, model underesti-
mates emission in spring and late summer but over estimates the WFPS during these two
time periods. Therefore the underestimation should not due to simulated aeration conditions
but lack of nitrogen substrates. Our model may underestimate nitrogen decomposition in
the winter and littler fall in late summer. Besides, pasture is typically grazed in the summer
and livestock excrement is also an important source of nitrogen substrates, but both of them
are not considered in the model. In temperate deciduous and temperate evergreen sites,
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Figure 3.1: Measured and model simulated N2O and WFPS at calibration sites. Measured data
for pasture is weekly mean data for 1993, measured data for temperate deciduous and temperate
evergreen are weekly mean data for the year 1995, data for crop sites are measured weekly in
growing season for 1999.
Figure 3.2: Measured and model simulated N2O and volumetric water content(VWC) at calibration
sites. Measured data for tropical evergreen is monthly mean for the year 2002, and measured data
for boreal decidous and boreal evergreen are available for the year 2006 as monthly mean, while
the measured VWC is daily mean data from Canada fluxnet.
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Figure 3.3: Measured and model simulated N2O ,WFPS and VWC at the evaluation sites. Measured
data for tropical evergreen is monthly mean for 1991, for pastureland is weekly mean for 1991 −
1992,for temperate forests are weekly mean for 1996, for boreal deciduous is weekly mean for 1994,
for boreal evergreen is monthly mean for 2006.
main underestimates occur in the summer. During this time period, N2O is more affected by
temperature. The model may underestimate summer soil temperature in these temperate
sites. However, model is able to capture the general temporal change. And the model can
also well capture the magnitude of N2O emission during observational time periods.
3.1.2 Model Results at Evaluation Sites
As mentioned in Chapter 2.2, the evaluation sites are La Selvs (Tropical evergreen in 1990-
1991), CA-Ojp (Boreal evergreen in 2006), SSA-OA (Boreal deciduous in 2006), CPER PN
(Pasture in 1991), Holdwald (temperate deciduous and evergreen in 1996). Generally, The
model estimated results for N2O over the measured time periods compare well with the
measured values shown in Figure 3.3. The model slightly overestimates the N2O emission in
the boreal deciduous forest, but the overall simulation is fallen within the uncertainty range.
The model underestimates N2O emission in the winter and early spring for pastureland and
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Figure 3.4: The comparison of measured and model simulated N2O at evaluation sites during the
measured time period and different seasons.
Table 3.1: The calculated linear regression functions and coefficient of determination (r2) for each
evaluation site
Biome type Site name Regression Equation r2
Tropical evergreen La Selva y = 0.9753x− 4.3001 0.5651
Pastureland CPER PN y = −0.0087x + 0.3575 0.00013
Temperate deciduous Hoglwald
Forest
(Beech)
y = 0.0299x + 9.9831 0.00331
Temperate evergreen Hoglwald
Forest
(spruce)
y = 1.2779x + 3.98 0.09434
Boreal deciduous SSA−OA y = −0.3406x + 0.4639 0.09266
Boreal evergreen CA−Ojp y = −0.1305x + 0.1683 0.17944
winter wheat La Saussaye y = 0.4245x + 0.2177 0.8611
winter wheat Arrou y = 0.7857x + 1.4177 0.7462
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temperate forests (Figure 3.4 Figure 3.3). This is probably due to the frozen-thaw effect
at these sites: soil water is frozen during the the winter due to low temperature, while soil
ice melts with warmer temperature when spring comes. Melted ices affects N2O emission in
two ways: on one hand, melted water fills the soil and triggers anaerobic soil environment
and increases the N2O emission. On the other hand, those melted water contains high
amount of organic matters, which enter into the soil with melted water, be decomposed and
contribute to the production of N2O. Therefore the frozen-thaw effect tends to dramatically
increase the N2O emission. Considering the model partially captures the sudden increase in
the WFPS, which means the model can capture the anaerobic conditions, we assume our
model misses a process to deal with the part of organic matters that stored in the soil ice.
For evergreen forests, the other possibility is that the model underestimates the carbon and
nitrogen substrates during winter and early spring when the plants do not grow or grow
slowly. The corresponding litter fallen onto the ground is less. Therefore, the amount of
mineral nitrogen decomposed and mineralized from litter is low. However, the calibration
results (Figure 3.4 Figure 3.3) show that model is able to capture the temporal trend of N2O
emissions from forests soils. Daily averaged N2O emissions during measured time period for
each site show good correlations between observations and simulations (Figure 3.5), which
indicate that the model can well capture the magnitude of N2O emission in the long time
intervals.
3.2 Model Performance
3.2.1 Effect of Different Environmental Factors on N2O Emission
In this section, Five experiments are performed to estimate global total N2O emission
and the effect of different environmental factors using calibrated and evaluated model.
The total N2O estimation from unmanaged terrestrial ecosystem soils changed from 9
TgNyr−1 in 1900 to 26.5 TgNyr−1 in 2012 (Figure 3.6). The global distribution of N2O
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Figure 3.5: The comparison of measured and model simulated N2O for each calibrated and evaluated
sites. Data is averaged during the measured periods for both measured data and simulated results.
emission from our model shows that warm tropical region and areas with high nitrogen
deposition are the major sources of N2O emission, and can contribute up to 7 kgNha
−1yr−1.
While High latitude shows a significant low emission due to low temperature and high soil
nitrogen limitation.(Figure 3.7)
The total estimates from our model are at the higher edge compare with other bottom-up
model estimates (Table 3.2). The average natural N2O emission from our model estimation
in 1980s, 1990s and 2000s is 19.20 TgNyr−1, 21.8 TgNyr−1 and 24.58 TgNyr−1, respec-
tively. Natural N2O emissions estimated from (Bouwman et al., 1993) and (Bowden, 1986)
in 1980s and 1990s are 3-25 TgNyr−1 and 7-16 TgNyr−1; The 1990 emission estimated from
(Bouwman et al., 1995) and (Potter et al., 1996) is 6.7-7 TgNyr−1 and 6.1 TgNyr−1, respec-
tively; (Schlosser et al., 2007) only estimated an average of 6.1 TgNyr−1 from 1998 to 2001;
(Saikawa et al., 2013) estimated natural N2O emission by different climate forcing datasets
and obtained an average of 7.42(0.35) - 10.6(0.57) TgNyr−1 from 1975 through 2000.
The major contributor to the increase of total N2O is land use change, which contributes
to 3.01 TgNyr−1 during 1990s and 10.09 TgNyr−1 during 2000s. While the second major
contributor is nitrogen deposition. The overall effect of nitrogen deposition is positive, and
the average effect in 1990s is 2.29 TgN−1 and in 2000s is 7.09 TgN−1. The mean effects of
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Figure 3.6: Global total N2O emission from 1900 to 2012 and the effect of different environmental
factors on global N2O emission.
climate and CO2 are less when comparing with land use change and nitrogen deposition.
The amount is 1.02 TgNyr−1 and 0.07 TgNyr−1, respectively.
3.2.2 Nitrogen Deposition
Generally, nitrogen deposition has a positive effect on global distribution of N2O emission
(Figure 3.8). The effect on N2O emission can reach 2 kgNha
−1yr−1 by 2000s in some high
deposition regions, such as Europe, Eastern United States and South East Asia (figure 3.9).
Table 3.2: Model estimated global natural N2O emissions
Time period natural N2O emission
Average 1975 though 2000 9.10(0.49), 10.6(0.57), 7.55(0.54), 7.42(0.35) (Saikawa et al., 2013)
1990 6.6-7 (Bouwman et al., 1995), 6.1 (Potter et al., 1996)
pre-industrial 3.9-6.5 (Hirsch et al., 2006)
Average 1998 through 2001 6.1 (Schlosser et al., 2007)
1990s,1980s 3-25 (Bouwman et al., 1993), 7-16 (Bowden, 1986)
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Figure 3.7: Model estimated global distribution of total N2O emission (kgNha
−1yr−1)
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Nitrogen deposition becomes five-times higher in these regions due to increased fertilizer
production and fossil fuel burning Since 1860 (Churkina et al., 2007). Nitrogen deposition
could help stimulate plant productivity and store more carbon in the plant, also increase
nitrogen substrate availability for bacterial activities such as nitrification and denitrification.
Thus when nitrogen is deposited on the soil, plant and bacterial will compete for it. In our
model we give priority to plants. Thus, in the tropical and mid-latitude ecosystems that
used to be nitrogen limited as shown in figure 3.8 and 3.9, plants usually use up the amount
of nitrogen from nitrogen deposition. However, in regions without nitrogen limitation or
receiving too much amount of nitrogen deposition, For example, Indian, South China and
other agriculture ecosystems, not all of the amount or even small amount of the nitrogen
deposited will be used by plants, but most of the nitrogen will be left in the soil and increase
the soil mineral pools. The increased soil mineral nitrogen due to nitrogen deposition will
contribute to nitrogenous gases emission through nitrification and denitrification.
3.2.3 Land Use Change
Land use change could have either positive or negative effect on N2O emission depending
on the transition of land cover types. Generally, deforestation could have positive effect on
N2O emission: The litter from cut plants will fall on the ground and become a part of mineral
pool through decomposition and mineralization. If mineral nitrogen from cut plants is not
taken by living plants but left in the soil, it will become available nitrogen substrates for
microbial activities, and a great amount of N2O can be released through denitrification when
soil is in anaerobic condition. For instance, Eastern coast China, Europe, south Canada and
Indian (Figure 3.10). On the contrary, reforestation has an opposite effect on N2O emission.
Plants will uptake more mineral nitrogen from soil when they are growing, and less mineral
nitrogen is left for microbes. Thus, in such areas, nitrification and denitrification are limited
by nitrogen substrates. For instance, Northern hemisphere high latitude areas, and northern
part of Asia. In addition, increase of agriculture land will also impact the N2O emisson
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Figure 3.8: model estimated global distribution of N2O emission affected by nitrogen deposition
(kgNha−1yr−1)
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Figure 3.9: Global distribution of nitrogen deposition in 2000. (kgNha−1yr−1)
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Figure 3.10: Model estimated global distribution of N2O emission affected by land use change
(kgNha−1yr−1)
and act as a positive effect, such as south China, Northwestern US. However, decrease of
agriculture lands in Europe and East US show a negative effect on N2O emission. Secondary
forests are also an important part of land use change, however, our model results indicate
that changes in soil mineral nitrogen in secondary succession is relatively small, which is
consistent with other studies (Hughes et al., 1999).
3.2.4 CO2
Comparing with land use change and nitrogen deposition, the effect of CO2 has large
spatial variability (Figure 3.11). In most tropical region, CO2 enhancement shows an positive
effect. This could be related to increased plants productivities and abundance of mineral
nitrogen in the tropical soil. Although plants uptake more nitrogen when their productivities
increase, they do not have nitrogen limitation. The more plants productivities, the faster
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Figure 3.11: Model estimated global distribution of N2O emission affected by CO2 (kgNha
−1yr−1)
nitrogen cycles between plants and the soil. Thus more N2O released from the soil through
denitrification. On the contrary, high latitude region shows a negative effect on N2O due
to substrate limitation. High latitude soil lacks mineral nitrogen, which means the soil
mineral nitrogen can not support the fast growth of plants. As long as there are more
available nitrogen, the plants in high latitude could keep growing. Increased atmospheric
CO2 stimulates plants productivities, more mineral nitrogen is absorbed by plants for growing
and less is remained in the soil. The nitrogen available for microbial activities is less, thus
N2O production through denitrification and nitrification is decreased.
3.2.5 Climate
Climate change affect N2O emission through two pathways. One is precipitation. High
precipitation tends to increase N2O emission by creating high anaerobic condition in the
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Figure 3.12: Model estimated global distribution of N2O emission affected by climate change
(kgNha−1yr−1)
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soil and increasing nitrogen mineralization. The other pathway is temperature. Microbes
and enzymes are all sensitive to temperature: cold temperature will hinder the activity of
microbes and enzymes and high temperature will accelerate the activity of microbes and
enzymes. Different microbes and enzymes may act differently. But if temperature goes
beyond the threadhold of survival temperatures of microbes and enzymes, N2O production
will be hindered due to the death of microbes and enzymes, such as the tropical region shown
in Figure 3.12. With global warming, most of the regions show an increase in N2O emission.
However, in the regions that have decrease of precipitation, such as, Western Africa, N2O
emission is decreased. Another possible reason for these regions that show a negative effect
of climate on N2O emission could be lack of nitrogen substrate in the soil, such as Northern
Hemisphere high latitude regions.
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Chapter 4
CONCLUSION
This study developed a N2O emission sub-module to our land surface model ISAM by
introducing one major process that was missing in the earlier version, that is, relative mi-
crobial activity affect for nitrification and denitrification. This affect is determined by the
percentage of WFPS, can evaluate microbial activities by considering simultaneous effect
of soil water content and aeration status, therefore leads to more reasonable estimation of
nitrification and denitrification. Besides, the constant factors in nitrification and denitri-
fication equations were calibrated and evaluated with measurements from seven different
kinds of terrestrial ecosystems across different climate zones in order to better present the
heterogeneity of biomes and climate on the global scale.
Model calibration and evaluation showed that our model well captured the magnitude
of N2O emission and simulated overall trends of N2O emissions during the observational
time periods. For some ecosystems like pasturelands and temperate forests, our model
underestimated N2O emission in the winter and early spring. We assume it’s due to the
frozen-thaw effect during this time. As discussed in Chapter 2.1.2, our model showed a good
response to aeration status after development but underestimated the nitrogen substrates
when the ice melted. Future work should give efforts to deal with the part of organic matters
that stored in the soil ice by either adding a new process or improving the decomposition
process in the winter and early spring.
Global estimation from the model showed that global total N2O emission increased from
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9.5 TgNyr−1 to 26.5 TgNyr−1 from unmanaged soils from 1900 through 2012. This result falls
in the upper edge comparing with other model estimates. We assume that climate forcing
plays a crucial role in the estimation, predicted emission could show significant differences
with using different types of climate forcing datasets. In the future work, it is important to
run our estimation with multiple climate forcings in order to obtain a better perspective of
the uncertainty range of the emission.
This study also estimated the effect of different factors on N2O emission on the global
scale. Our experiments showed that global N2O emission from northern high latitude forests
were largely impacted by soil nitrogen availability. Almost all the environmental factors
indicated a negative effect on these areas due to plant nitrogen limitation. Besides, global
distribution of the effect of land use change were closely related with land use types: Defor-
estation and increase of agriculture land would increase the N2O emission, while reforestation
and decrease of agriculture land would decrease the N2O emission, but the effect of reforesta-
tion varied with the plants ages. Fast growth of plants should contribute to decrease of N2O
emission, for example, our model results showed that reforestation caused decrease of N2O
in northern hemisphere high latitude areas and northern part of Asia. Whereas, secondary
succession would not have much impact on N2O emission. The impact of CO2 and climate on
N2O emission were very uncertain. The former is determined by the competition of nitrogen
between plant and microbe. If plant needs more nitrogen and soil nitrogen is limited, more
nitrogen will be used by plant, microbial activity will be limited thereafter. The latter is
based on the combined effect of temperature and precipitation. Its overall effect is positive
due to global warming, but it shows a negative effect in the region that lacks soil water and
cannot create long period of anaerobic condition.
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